1. Introduction {#sec1-micromachines-09-00391}
===============

The mixing of reactants has been found to be a very appealing and prominent operation in analytical preparation procedures, which has drawn extensive attention for its many practical applications, such as chemical reactions \[[@B1-micromachines-09-00391],[@B2-micromachines-09-00391],[@B3-micromachines-09-00391]\], protein crystallization \[[@B4-micromachines-09-00391],[@B5-micromachines-09-00391],[@B6-micromachines-09-00391]\], biological assays \[[@B7-micromachines-09-00391],[@B8-micromachines-09-00391],[@B9-micromachines-09-00391]\], biomedical diagnostics \[[@B10-micromachines-09-00391],[@B11-micromachines-09-00391],[@B12-micromachines-09-00391]\] and so on. However, since laminar flow is predominant and turbulence is usually not practically attainable in a microchannel or micro-reactor, mixing relies solely on molecular interdiffusion. Therefore, an efficient micromixer is essential for increasing the contact area and enhancing the mixing efficiency. Meanwhile, due to short mixing time associated with narrow diffusion length in laminar streams, the fast and efficient mixing of fluidic samples in microfluidic device is still challenging, especially at a low Reynolds number. To accomplish rapid homogeneous mixing, various interesting microfluidic mixing schemes have been developed to improve the mixing and residence time characteristics. Typically, the micromixer can be categorized as either passive or active \[[@B13-micromachines-09-00391],[@B14-micromachines-09-00391],[@B15-micromachines-09-00391]\]. A passive mixer always utilizes chaotic advection eddies induced by specific geometry microstructures to increase the interfacial contact area between adjacent liquids, including an in-plane mixer and an out-of-plane mixer. The in-plane passive microfluidic mixer characterized by splitting and reunification flows with specific configurations in the microchannel was employed to produce transverse dispersion, such as Tesla structures \[[@B16-micromachines-09-00391],[@B17-micromachines-09-00391]\], micropillars \[[@B18-micromachines-09-00391]\], and staggered herringbones \[[@B19-micromachines-09-00391],[@B20-micromachines-09-00391],[@B21-micromachines-09-00391]\]. The complex three-dimensional architecture geometry structures within microchannel \[[@B22-micromachines-09-00391],[@B23-micromachines-09-00391],[@B24-micromachines-09-00391],[@B25-micromachines-09-00391]\] was exploited to increase the contact area of the neighboring miscible fluids in the out-of-plane micromixer. Although the passive micromixer has the advantage of ease of integration into cascading microfluidic devices, the high pressure drop and the hydrodynamic dispersion potential of the sample deriving from spreading it out longitudinally always result in mechanical failure to a polydimethylsiloxane (PDMS) microchannel and loss of assay sensitivity, respectively. Alternatively, several active mixing approaches, including magnetic stirring \[[@B26-micromachines-09-00391],[@B27-micromachines-09-00391]\], bubble-induced acoustic actuation \[[@B28-micromachines-09-00391],[@B29-micromachines-09-00391],[@B30-micromachines-09-00391]\], thermal field \[[@B31-micromachines-09-00391]\] and electrokinetically driven \[[@B32-micromachines-09-00391],[@B33-micromachines-09-00391],[@B34-micromachines-09-00391],[@B35-micromachines-09-00391],[@B36-micromachines-09-00391],[@B37-micromachines-09-00391]\] mixing and so on, have been introduced into the development of a microfluidic mixer to disturb the interface of the fluids and enhance the mixing effect, namely as an active micromixer. Among these active schemes, the electrical field driven micromixers, which exploit the harmonic motion of thin electric double layers to induce interfacial disturbance when an electric field is applied on an electrolyte bounded by a dielectric, have attracted great attention due to their simple microelectrode structure, no mechanical moving parts and ease of integration. The commonly used electrokinetic phenomena for microscale fluid manipulation includes alternating current electroosmosis (ACEO) \[[@B38-micromachines-09-00391],[@B39-micromachines-09-00391],[@B40-micromachines-09-00391],[@B41-micromachines-09-00391]\], dielectrphoresis (DEP) \[[@B42-micromachines-09-00391],[@B43-micromachines-09-00391]\] and alternating current electrothermals (ACET) \[[@B44-micromachines-09-00391],[@B45-micromachines-09-00391],[@B46-micromachines-09-00391]\]. Arising from the interaction of an electric field with non-uniform permittivity and conductivity, the electrothermally induced micro-stirring was adopted to increase binding rates in heterogeneous assays and enhance the microfluidic immuno-sensors \[[@B46-micromachines-09-00391]\]. Undesired Joule heating may lead to electrolysis or bubble formation. Induced charge electroosmosis (ICEO), which refers to the electrokinetic phenomenon above the polarizable surface when the induced diffuse charge in a thin boundary layer acts with the tangential component of an applied electric field, provides new opportunities for fluid and particle manipulation. The ICEO micro-vortex above the flexible floating electrode has been utilized for particle focusing \[[@B47-micromachines-09-00391],[@B48-micromachines-09-00391],[@B49-micromachines-09-00391]\], fluid pumping \[[@B50-micromachines-09-00391],[@B51-micromachines-09-00391]\] and cell trapping \[[@B52-micromachines-09-00391],[@B53-micromachines-09-00391],[@B54-micromachines-09-00391]\]. Additionally, many articles reported that this ICEO circulation flow around a highly polarizable conducting object circulation flow can disturb the interface of a two-phase flow and can be used to mixing fluidic samples \[[@B55-micromachines-09-00391],[@B56-micromachines-09-00391],[@B57-micromachines-09-00391]\]. Since the non-linear microvortex pair generated over the polarizable conductor-electrolyte surface in external electric field can disturb two-phase neighboring flow, many micromixers based on ICEO have been developed over the past few years. However, current ICEO-based micromixers mainly utilize a symmetrical microelectrode configuration to induce symmetrical eddies to mix the sample. Alternatively, it is expected that, by introducing a particular floating microelectrode configuration, asymmetrical microvortices can be obtained, which can be used to enhance species mixing.

In this work, we investigate the electrokinetic flow in a microchannel with different embedded floating microelectrode configuration deviating from the intermediate position of the driving electrode. An asymmetric micro eddies-based micromixer is proposed to achieve mixing enhancement with herringbone-conducting hurdles. We explore the parametric effect on the maximum slip velocity over the conducting electrode-electrolyte surface and the influence of floating electrode pair numbers on mixing performance. The dependences of the presented micromixer behavior on the applied voltage magnitude, electric field frequencies, inlet fluid velocity and liquid conductivities are also evaluated. The ICEO-based asymmetric microvortices scheme that is introduced offers a new possibility for rapid electrokinetic mixing with simple fabrication and easy operation in a modern microfluidic analysis system.

2. Theory and Methods {#sec2-micromachines-09-00391}
=====================

2.1. Micromixer Design {#sec2dot1-micromachines-09-00391}
----------------------

When immersed in an electrolyte, the electrical floating conductor attaching to the microchannel bottom wall becomes polarized with an electric field applied on the driving electrodes, causing the metal strip to become negatively charged near the anodic side while positively charged on the other side. The mobile charge carriers in the electrical double layer (EDL) interact with the tangential component of the imposed electric field and move to the oppositely neighboring charged electrode, inducing induce charge electroosmosis (ICEO) \[[@B35-micromachines-09-00391],[@B48-micromachines-09-00391],[@B58-micromachines-09-00391],[@B59-micromachines-09-00391]\]. The ICEO enables a pair of symmetrical microvortices above the electrode surface, yielding liquid circulation motion.

Before designing the micromixer, we first conduct a simulation analysis to investigate the flow behavior and explore the slip velocity on the polarizable conductive object deviated from the middle of two driving electrodes. As shown in [Figure 1](#micromachines-09-00391-f001){ref-type="fig"}a, owing to electromigration, the charge carriers in the electrolyte follows the initial normal electric field component to the metal strip surface when the driving electrodes are energized \[[@B60-micromachines-09-00391]\]. When the EDL is fully charged, an induced double layer formed at the electrolyte/floating electrode surface. The ionic charge in the diffusion layer travel under the action of tangential component of electric field, resulting in an asymmetrical microstream ([Figure 1](#micromachines-09-00391-f001){ref-type="fig"}b), which can be utilized for fluidic mixing under certain conditions. To investigate the effect of micro metal strip structure on the slip velocity, we exploit three types of floating electrodes, namely Ridge, Vee and herringbone floating electrodes, as illustrated in [Figure 1](#micromachines-09-00391-f001){ref-type="fig"}c--e. The ICEO slip velocity on polarizable surfaces under AC forcing can be exploited to disturb the fluid interface between two neighboring streams. Generally, the faster slip velocity at the electrode can produce stronger flow disturbance, resulting in better mixing effect \[[@B55-micromachines-09-00391]\]. To make sure the credibility of the simulation results, a grid-independence test is carried out to determine the suitable number of elements \[[@B61-micromachines-09-00391]\]. Comparing the tetrahedral meshes with the hexahedral meshes, since the hexahedral meshes have better computational accuracy and faster convergence, the computational domain was completely covered by the hexahedral meshes. Eight different structured hexahedral grid models with an element number ranging from 7.85 × 10^3^ to 1.52 × 10^5^ are tested. The mixing efficiency is simultaneously calculated under different element numbers. As shown in [Figure 1](#micromachines-09-00391-f001){ref-type="fig"}f, the mixing efficiency varies slightly with the increasing element numbers beyond 1.10 × 10^5^. Therefore, a grid system with 1.10 × 10^5^ hexahedral elements is selected as the suitable grid system in terms of the accuracy and efficiency of simulation. We can also see from [Figure 1](#micromachines-09-00391-f001){ref-type="fig"}f that the mixing efficiency for the herringbone floating electrode is better than the Ridge and Vee type floating electrode when the inlet flow velocity and the bulk conductivity are set to be 500 μm/s and 0.001 S/m under the conditions of *A* = 5 V, *f* = 400 Hz. It can be ascribed to the higher transverse slip velocity generated above the herringbone floating electrode under certain conditions. Therefore, we choose the herringbone floating electrode microstructure for further investigation.

As depicted in [Figure 2](#micromachines-09-00391-f002){ref-type="fig"}a, we explore a micromixer utilizing the asymmetric eddies above the ideally polarizable herringbone ITO (Indium Tin Oxide)-conducting microstructures in a straight polydimethylsiloxane (PDMS)/glass microchannel with a rectangular cross section of height and width 80 μm and 200 μm, respectively. The original fluidic sample can be injected into the Y-shaped entrance from inlet A and B. When an external AC signal is employed on the driving electrodes, which is perpendicular to the microchannel length direction, a pair of asymmetrical micorvortices are formed due to the asymmetrical configuration of herringbone floating electrode. Left and right herringbone floating electrode are defined in [Figure 2](#micromachines-09-00391-f002){ref-type="fig"}b,c, respectively. The left herringbone floating electrode structure layouts will generate asymmetrical profile of micro vortex pairs, resulting in adjacent fluids interface being disturbed and the two-phase fluid samples being transported from right to left sidewall of the microchannel ([Figure 2](#micromachines-09-00391-f002){ref-type="fig"}b). Similarly, the asymmetrical eddy pairs induced by the right herringbone metal strip will also break the samples' interface and deliver them from left to right sidewalls ([Figure 2](#micromachines-09-00391-f002){ref-type="fig"}c). Additionally, the feature sizes of the staggered herringbone floating electrode sequence configuration are specified as [Figure 2](#micromachines-09-00391-f002){ref-type="fig"}d and the specific dimensions adopted in this work are given in [Table 1](#micromachines-09-00391-t001){ref-type="table"}.

2.2. Mathematical Model {#sec2dot2-micromachines-09-00391}
-----------------------

Given electrochemical polarization theory, we take the charged double layers as a linear equivalent circuit and give a mathematical depiction of the micromixer-based asymmetrical ICEO microvortexes on the floating electrode. It is assumed that the charge carrier distribution in the bulk fluid is homogenous, the electrostatic potential satisfies Laplace's equation \[[@B62-micromachines-09-00391]\]:$${\nabla^{2}\phi_{f} = 0}{,\ \sigma_{f}\nabla\phi_{f} \cdot \mathbf{n} = \frac{dq}{dt}}$$where $\phi_{f}$ is the electrostatic potential and *q* refers to the surface screening charge density of the induced double layer, *σ~f~* denotes the bulk conductivity, and ***n*** represents the normal vector in the interface of the bulk and floating electrode, pointing from the electrode into the bulk electrolyte.

The ohmic current from the bulk fluid resistance charges the induce double layer at the surface of the floating electrode can be regarded as a capacitor skin in the asymptotic limit \[[@B34-micromachines-09-00391]\]. In addition, the electric current flux flow at the interface of the bulk and floating electrode is continuous. Thus, this interface needs to be provided with the following physical constraint \[[@B63-micromachines-09-00391]\]:$${\left( {\sigma_{f} + j\omega\varepsilon_{f}} \right)\mathbf{n}\nabla{\widetilde{\phi}}_{f} = j\omega\frac{C_{D}}{1 + \delta}\left( {{\widetilde{\phi}}_{f} - {\widetilde{\phi}}_{b}} \right)}\ $$where *ε~f~* and *w* are the bulk permittivity and the angular frequency of the applied electric field, *δ* = *C~D~*/*C~S~* signifies the surface physical capacitance ratio of the diffuse layer *C~D~* = *ε~f~/λ~D~* to the stern layer *C~S~*, and *ϕ~b~* is the transient potential values at the metal surface. Here we introduced the complex phasor amplitude of each electrical field variable as denoted by a tilde for analytical convenience \[[@B56-micromachines-09-00391]\], e.g., $\phi\left( t \right) = A\cos\left( {\omega t + \theta} \right) = {Re}\left( {Ae^{j\theta}e^{j\omega t}} \right) = {Re}\left( {\widetilde{\phi}e^{j\omega t}} \right)$, where, Re( ) is the real part of ( ). At low frequency, there is no displacement current running through the double-layer capacitor skin. For the impenetrability of the ionic species, the sum of diffusion current and ohmic current in the bulk is equal to another one in the diffusion double layer.

When the phasor amplitude is applied on the left and right driving electrode, we can derive the electric potential distribution on the floating electrode without considering the double-layer polarization around the driving electrodes \[[@B47-micromachines-09-00391]\]: $${{\widetilde{\phi}}_{f} = A}{\ ({on}\ {the}\ {left}\ {driving}\ {electrode}),\ {\widetilde{\phi}}_{f} = 0\ ({on}\ {the}\ {right}\ {driving}\ {electrode})}$$

As the electric double layer is completely charged, no normal electric field penetrate the floating electrode and the normal current flux disappears:$${\mathbf{n} \cdot \nabla{\widetilde{\phi}}_{f} = 0}\ $$

Based on the generation of the Helmholtz--Smoluchowski formula, the counterion on the polarizable floating electrode surface under the action of tangential electric field will travel with the transient ICEO velocity, which can be derived as, $${u_{slip} = - \frac{\varepsilon_{f}}{\eta}{Re}\left( {\frac{\left( {{\widetilde{\phi}}_{b} - {\widetilde{\phi}}_{f}} \right)}{1 + \delta}e^{j\omega t}} \right){Re}\left( {\mathbf{\widetilde{E}}_{t}e^{j\omega t}} \right)}\ $$ where, *η* and ***E****~t~* denote the dynamic viscosity of aqueous media and the tangential field component on the floating electrode surface. In addition, the time-average non-linear electroosmotic slip velocity in AC oscillation can be expressed by:$${\left\langle u_{slip} \right\rangle = - \frac{\varepsilon_{f}}{2\eta}{Re}\left( {\frac{\left( {{\widetilde{\phi}}_{b} - {\widetilde{\phi}}_{f}} \right)}{1 + \delta}\mathbf{\widetilde{E}}_{t}^{*}} \right)}\ $$

As we know the above electroosmotic slip velocity on the floating electrode, we can employ it as a boundary condition and the full stokes equation in the bulk liquid, and the bulk fluid flow outside the EDL in the microchannel driven by the interfacial non-linear electrokinetic slip can be derived by the incompressible Stokes equations \[[@B64-micromachines-09-00391]\]:$${- \nabla p + \eta\nabla^{2}\mathbf{u} = 0}\ $$ $${\nabla\mathbf{u} = 0}\ $$ where *p* and ***u*** are hydraulic pressure and fluid velocity vector, respectively.

The motion of fluidic sample in the microchannel are governed by many factors, including Brownian motion, Poiseuille flow and ICEO microscream. Therefore, we should take the convection--diffusion equation to describe the concentration of sample in the microchannel \[[@B65-micromachines-09-00391]\]: $${\nabla\left( {\mathbf{u}c - D\nabla c} \right) = 0}\ $$where *c* is the concentration of fluidic sample and *D* denotes the mass diffusivity of the target analyte.

2.3. Numerical Simulation {#sec2dot3-micromachines-09-00391}
-------------------------

We adopt a commercial software package (V5.2, COMSOL AB., Stockholm, Sweden) to conduct numerical simulation so as to study the flow pattern of the microstream induced by the ICEO vortex on the herringbone floating electrode sequence surface and the mixing performance of the micromixer. The calculation process can be expressed as follows:

Firstly, in the Electric Currents module, we employed the electrostatic potential phasor *ϕ* = A and *ϕ* = 0 on the left and right driving electrode, respectively. The distribution impedances are employed in the driving electrode $n \cdot \mathbf{J} = \frac{1}{d_{s}}\left( {\sigma + j\omega\varepsilon_{0}\varepsilon_{r}} \right)\left( {\widetilde{V} - {\widetilde{V}}_{ref}} \right)$. The Laplace equation is prescribed in the bulk fluid and the electric field can be obtained from the potential as $\mathbf{E} = \nabla\phi$. For the impenetrability of the electric field on the surface of the floating electrode, the condition is employed on the floating electrode. The remaining boundary is set to electrical insulation with the condition $n \cdot \mathbf{J} = 0$.Under these conditions, we calculate the electrostatic potential in the fluid domain and PDMS channel sidewall.

Secondly, in the Creeping Flow module, the full Stokes equations play the governing equation role and are then employed in the fluid domain. The pressure-driven flow with parabolic profile and surface averaged flow velocity *u*~0~ is prescribed to the both inlets for forward transport incoming fluid flow. Meanwhile, the pressure for the outlet flow is zero. Based on the above calculated electric field distribution, the slip velocity *u*~slip~ can be obtained and employed on the herringbone floating electrode sequence. The microchannel sidewalls surface expect the electrodes to be imposed as non-slip.

Finally, in the Transport of Dilute Species module, the convection--diffusion equation is employed in the fluid domain to calculate the concentration distribution of the fluid sample.The Inlet A and B is set to inflow 1 with *c* = 1 and inflow 2 with *c* = 0, the outlet is set to outflow with $- \mathbf{n} \cdot D_{i}\nabla_{ci} = 0$. In this way, we can estimate the mixing performance at the outlet plane. The remaining sidewalls are set to no flux $- \mathbf{n} \cdot N_{i} = 0$.

The following basic parameters are adopted in the numerical simulation: the conductivity of buffer solution is set to be *σ~f~* = 10 μS/cm, the dynamic viscosity is 0.001 Pa·s, and the diffusivity of the fluid sample is 2 × 10^−9^ m^2^/s.

2.4. Evaluation of the Mixing Efficiency {#sec2dot4-micromachines-09-00391}
----------------------------------------

In order to evaluate mixing efficiency, here we defined a parameter *γ* to describe the mixing performance of the micromixer-based floating electrode in terms of the sample concentration at the outlet:$${\gamma = \left( {1 - \frac{\iint\limits_{S}{\left| {c - 0.5\left\lbrack {{mol}/m}^{3} \right\rbrack} \right|dS}}{\iint\limits_{S}{\left| {0.5\left\lbrack {{mol}/m}^{3} \right\rbrack} \right|dS}}} \right) \times 100\%}\ $$where *c* refers to the molar concentration of sample at the outlet plane. It describes the homogeneity of the mixed sample and denotes *γ* = 0% and *c* = 0 or *c* = 1 when the sample is not processed at any position, signifying that no mixing occurs. By contrast, this index can reach up to 100% and the *γ* = 100% at the exit if the sample is mixing completely.

3. Results and Discussion {#sec3-micromachines-09-00391}
=========================

3.1. The Microstream Driven by Induced Charge Electroosmotics (ICEO) in the Channel {#sec3dot1-micromachines-09-00391}
-----------------------------------------------------------------------------------

An investigation on the fluid flow patterns induced by the ICEO asymmetrical vortex can provide a theoretical basis for developing a rapid and excellent micromixer. For this, we firstly concentrate the microstream on different cross sections of the microchannel under static conditions with no inlet flow ([Figure 3](#micromachines-09-00391-f003){ref-type="fig"}a). With the driving electrodes energized by an AC voltage signal of suitable field frequencies, asymmetrical vortex pairs on the left herringbone floating electrode come into being after a typical double-layer relaxation time. From cross section 1, we know that the two fluid flows will be mixed by chaotic convection on the floating electrode surface and the mixed sample is transported to the opposite side wall ([Figure 3](#micromachines-09-00391-f003){ref-type="fig"}b). At the cross section 2, the vortex close to the right driving electrode can mix and deliver the sample to the right side wall, while the ICEO vortex close to the left deriving electrode can enhance the mixing and fluid transportation performance ([Figure 3](#micromachines-09-00391-f003){ref-type="fig"}c). At the cross section 3, the fluidic sample near the left driving electrode is mixed by the vortex pair and delivered to the right ([Figure 3](#micromachines-09-00391-f003){ref-type="fig"}d). Interestingly, in the sections 4--6 the fluid motions are diametrically opposite to the cross sections 1--3 ([Figure 3](#micromachines-09-00391-f003){ref-type="fig"}e--g), which will improve the mixing performance evidently. It can also be noted that the maximum electroosmotic slip velocity occurs in the vicinity of the floating electrode edge. In this way, fluidic sample can be transferred from one side to another side under the action of the ICEO electroconvective vortex and the interface is be disturbed repeatedly on the left and right herringbone floating electrodes surface, which can be exploited to accomplish excellent mixing.

3.2. The Electroosmotic Flow Velocity near the Floating Electrode {#sec3dot2-micromachines-09-00391}
-----------------------------------------------------------------

The electroosmotic flow velocity above the floating electrode surface plays an important role in enhancing the fluid-mixing efficiency. We quantificationally studied the frequency dependency of the electroosmotic slip velocity on the floating electrode under different bulk conductivities ([Figure 4](#micromachines-09-00391-f004){ref-type="fig"}). The frequency dependency of the maximum slip velocity on the herringbone floating electrode under different buffer solution conductivities at *A* = 5 V is shown in [Figure 4](#micromachines-09-00391-f004){ref-type="fig"}a. Evidently, the lower electrical conductivity (*σ* = 0.001 S/m) will induce larger slip velocity, and the higher ion concentration (*σ* = 0.01 S/m) will weaken the effect of the ICEO flow. The reason for that is the Debye screening thickness reduces with the increasing ion concentration, which results in the weakness of the ICEO electroconvective flow field. It is noticeable that the increasing rate of maximum slip velocity decay is obviously near the inverse RC time constant, *f* = 300 Hz. One reasonable explanation is that the IDL (Induced Double Layer) have enough time to be fully charged at the frequency lower than the ionic charge relaxation frequency as the ICEO slip velocity is proportional to the quadratic of electric field intensity applied (Equation (6)). When the voltage intensity increased to be 10 V, the maximum slip velocity is twice as large as it is at *A* = 5 V. Similarly, the lower ion concentration will induce larger slip velocity. When the voltage input is increased to 15 V, 20 V, the slip velocity is enlarged obviously ([Figure 4](#micromachines-09-00391-f004){ref-type="fig"}c,d), engendering stronger ICEO vortex streaming for efficient mixing.

3.3. Mixing Performance of the Device with Different Number of Herringbone Floating Electrode Pairs {#sec3dot3-micromachines-09-00391}
---------------------------------------------------------------------------------------------------

In this section, we make an attempt to explore the parametric effect on mixing behavior for engendering better performance by conducting simulation in the device with a pair of herringbone floating electrodes. [Figure 5](#micromachines-09-00391-f005){ref-type="fig"}a) illustrates the relationship between the mixing performance and applied voltage amplitude at a fixed field frequency of *f* = 300 Hz while the inlet flow velocity is maintained at 500 μm/s. Owing to the complex configuration of the herringbone floating electrode, the ICEO slip flow generated on the entire electrode surface can be divided into the transverse and radial slip velocities. As the ICEO slip velocity at the solid/electrolyte interface has quadratic dependence on the electric field (Equation (6)), the ICEO transverse vortex flow can be utilized to enhance the convective flow and interface disturbance when the axial inlet flow velocity is constant. We can also see from the calculation results that the mixing performance increases with increasing amplitude ranging from 5 V to 20 V, which is in accordance with the theoretical prediction. However, mixing efficiency reaches the peak value at 20 V and diminishes with increasing voltage amplitude. In addition, the mixing efficiency becomes saturated to some extent at higher electric field strength above 80 V, exhibiting a poor mixing performance with increasing voltage amplitude. That could be ascribed to the influence of the radial slip velocity component, which could hinder the inlet fluids flowing into the microchannel and weaken the mixing efficiency when the axial ICEO flow is opposite to inflow direction and resembling the inlet flow velocity if the external electrical field exceeds a certain threshold. Field frequency is another important factor influencing ICEO convective slip velocity. The effect of varying field frequencies on the mixing performance is given in [Figure 5](#micromachines-09-00391-f005){ref-type="fig"}b. At around 400 Hz, the mixing performance reaches a peak, whereas the maximum value is only 0.383. At high frequencies above 1000 Hz, the transverse weakened ICEO convective flow is not strong enough to transport the fluid quickly, which is not beneficial to fluid mixing. On the other side, mixing performance decays sharply with the increasing inlet fluid flow ([Figure 5](#micromachines-09-00391-f005){ref-type="fig"}c). The reason behind this phenomenon is that the fluid samples have no sufficient time to interact with one another despite the disturbance of ICEO asymmetrical vortex pairs. It can be seen from the [Figure 5](#micromachines-09-00391-f005){ref-type="fig"}d that the device has the greatest mixing performance when the electrical conductivity of the solution is 0.001 S/m. With the liquid conductivity increasing, the effect of ICEO is suppressed, resulting in the mixing performance beginning to decay and the mixing efficiency stabilizes at around 0.34.

To accomplish efficient mixing, we also explore the mixing performance of the micromixer with different numbers of herringbone floating electrode pair sequentially configured on the microchannel bottom while the AC voltage amplitude is fixed at *A* = 5 V and the field frequency *f* = 300 Hz and inlet flow *u* = 500 μm/s. As exhibited in [Figure 6](#micromachines-09-00391-f006){ref-type="fig"}, we can find that more herringbone floating electrode pairs can increase the opportunities of ICEO asymmetrical eddies to transfer the fluidic sample, enlarging the mixing region and improving sharply the mixing performance ([Figure 6](#micromachines-09-00391-f006){ref-type="fig"}a--h). The quantitative relationship of mixing performance and the amount of herringbone floating electrode pairs is given in the [Figure 6](#micromachines-09-00391-f006){ref-type="fig"}i. When the micromixer has five pairs of floating electrodes, the mixing performance can exceed 0.9. With the number of herringbone floating electrodes increases, the mixing percentage tends towards a steady state of around 0.96.

3.4. Parametric Effect on Mixing Performance {#sec3dot4-micromachines-09-00391}
--------------------------------------------

To understand the influence of factors on the performance of the micromixer, we study the chip with eight pairs of floating electrodes and the frequency, voltage intensity, inlet flow and liquid conductivity dependencies of the mixing performance.

We defined six cross sections in the microchannel to investigate the sample concentration distribution under the ICEO action induced by different cycles of herringbone floating electrodes ([Figure 7](#micromachines-09-00391-f007){ref-type="fig"}a). [Figure 7](#micromachines-09-00391-f007){ref-type="fig"}b--g describes the fluid sample concentration distribution at different cross sections with the distance 500, 1000, 1500, 2000, 2500, and 3000 μm to the inlet at *A* = 5 V, *f* = 300 Hz, *u* = 500 μm/s. After the mixing effect of a cycle, only the fluid sample near the original interface is disturbed. At the distance of 1000 um to the inlet, the fluid sample near the left and right driving electrodes is transferred from the side walls to the middle and have certain mixing performance. After five cycles of herringbone floating electrodes, the concentration of the sample tends to be uniform. With the distance from the inlet increasing, the concentration reach a stable constant value, around 0.5. [Figure 7](#micromachines-09-00391-f007){ref-type="fig"}h illustrates the relationship between the mixing performance and electrical field intensity at *f* = 300 Hz and *u* = 500 μm/s for eight pairs of herringbone floating electrodes. The mixing efficiency reaches up to 0.98 at *A* = 5 V, while the mixing efficiency diminishes with the increasing voltage amplitude. As mentioned above, the mixing tends to be saturated as the electrical field strength goes beyond a certain threshold, in which the resulting axial ICEO slip velocity component is big enough to confront the inlet flow velocity and even destroy the micromixer due to the large pressure. Therefore, the mixing efficiency is almost zero when the voltage amplitude is beyond 50 V under the same conditions for the eight pairs of herringbone floating electrodes. In particular, when the voltage intensity is over 50 V the mixing percentage tends to zero. The frequency dependency of the mixing efficiency is given in [Figure 7](#micromachines-09-00391-f007){ref-type="fig"}i at *A* = 5 V, *u* = 500 μm/s. Noticeably, the mixing efficiency reach peak value 0.965 at around the RC relaxation frequency 300 Hz. The influence of inlet flow on the mixing behavior is shown in the [Figure 7](#micromachines-09-00391-f007){ref-type="fig"}j, when *A* = 5 V, *f* = 300 Hz. The mixing percentage reaches peak value of 0.98 at the flow rate of 500 μm/s. The effect of the liquid conductivity on the mixing performance is given in [Figure 7](#micromachines-09-00391-f007){ref-type="fig"}k at *A* = 5 V, *f* = 300 Hz, *u* = 500 μm/s, revealing that the device can achieve great mixing performance at the conductivity of 0.001 S/m. With the liquid conductivity increasing from 0.001 S/m, the mixing efficiency evidently declines.

4. Conclusions {#sec4-micromachines-09-00391}
==============

In summary, we presented the asymmetrical ICEO flow on a herringbone floating electrode and developed a novel micromixer. The average transverse ICEO slip velocities on three proposed forms of floating electrodes were investigated and we found that the herringbone floating electrode structure has a good potential for mixing the fluidic samples in the microchannel. We then explored the cross flow on the herringbone floating electrode and analyzed the principle of disturbing the interface and delivering the fluid. Next, we investigated the influence of the number of herringbone floating electrodes on the mixing performance. Finally, we studied the dependencies of the micromixer mixing performance on voltage input and fluidic condition to characterize this device. The proposed micromixer with a herringbone floating electrode sequence can improve the mixing performance to some extent and provide great opportunities for efficient electrokinetic mixing with broad application in microfluidic systems.
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![Schematic of induced charge electroosmotic (ICEO) flow on the polarizable metal strip and the ICEO slip velocity on the floating electrode with some deviation from the middle of driving electrodes. (**a**) The formation of the electric double layer on the floating electrode under the imposed external electrical field; (**b**) the asymmetrical ICEO microvortices above the polarizable floating electrode surface; (**c**--**e**) the Ridge/Vee/Herringbone type floating electrode microstructure; (**f**) the mesh independency test and the mixing efficiency at the outlet for the three types of metal strip with single electrode pair under the conditions of *A* = 5 V and *f* = 400 Hz.](micromachines-09-00391-g001){#micromachines-09-00391-f001}

![Geometry of proposed micromixer based ICEO. (**a**) 3D schematic diagram of the device with herringbone floating electrode sequence; (**b**,**c**) the fluidic sample motion on the left and right herringbone floating electrode surface under the asymmetrical ICEO vortex; (**d**) the specific dimensions of the microfluidic mixer device.](micromachines-09-00391-g002){#micromachines-09-00391-f002}

![The fluid microstream at different cross section. (**a**) the definition of cross section 1--6; (**b**--**d**) the fluid motions on the left herringbone floating electrode at the cross section 1--3; (**e**--**g**) the fluid flow on the right herringbone floating electrode at the cross section 4--6.](micromachines-09-00391-g003){#micromachines-09-00391-f003}

![The frequency dependency of maximum slip velocity on the herringbone floating electrode at different voltage input and liquid conductivity. (**a**--**d**) the maximum slip velocity vs frequency when the voltage intensities are 5 V, 10 V, 15 V and 20 V at the liquid conductivity *σ* = 0.001 S/m, 0.005 S/m, 0.010 S/m.](micromachines-09-00391-g004){#micromachines-09-00391-f004}

![The mixing performance of the micromixer with a pair of herringbone floating electrodes. (**a**) The effect of voltage intensity on mixing performance at *f* = 300 Hz, *u* = 500 μm/s; (**b**) the frequency dependency of mixing performance at *A* = 5 V, *u* = 500 μm/s; (**c**) the relationship between the mixing performance and inlet flow at *A* = 5 V, *f* = 300 Hz; (**d**) the mixing performance under different liquid conductivity at *A* = 5 V, *f* = 300 Hz and *u* = 500 μm/s.](micromachines-09-00391-g005){#micromachines-09-00391-f005}

![Mixing performance of the device with different number of herringbone floating electrode pairs. (**a**--**h**) The simulation results of the micromixer with different amount of Herringbone floating electrode pair; (**a**) a pair; (**b**) two pairs; (**c**) three pairs; (**d**) four pairs; (**e**) five pairs; (**f**) six pairs; (**g**) seven pairs; (**h**) eight pairs; (**i**) the curve illustrating the mixing performance and the number of herringbone floating electrode pair.](micromachines-09-00391-g006){#micromachines-09-00391-f006}

![Parametric effect on mixing performance. (**a**--**g**) the concentration distribution at different cross section of channel at *A* = 5 V, *f* = 300 Hz, *u* = 500 μm/s. (**b**) The cross section at a range of 500 μm; (**c**) 1000 μm; (**d**) 1500 μm; (**e**) 2000 μm; (**f**) 2500 μm; (**g**) 3000 μm; (**h**) the voltage intensity effect on mixing performance at *f* = 300 Hz, *u* = 500 μm/s. (**i**) the frequency dependency of mixing performance at *A* = 5V, *u* = 500 μm/s; (**j**) the influence of inlet flow on mixing performance at *A* = 5 V, *f* = 300 Hz. (**k**) The relationship of mixing performance and liquid conductivity at *A* = 5 V, *f* = 300 Hz, *u* = 500 μm/s.](micromachines-09-00391-g007){#micromachines-09-00391-f007}

micromachines-09-00391-t001_Table 1

###### 

The specific geometric size of the micromixer.

  Parameter    W1   W2   W3    W4   W5    W6    *θ*
  ------------ ---- ---- ----- ---- ----- ----- -------
  Value (μm)   50   40   150   30   200   100   90^o^
